We systematically examine how the presence in a binary affects the final core structure of a massive star and its consequences for the subsequent supernova explosion. Interactions with a companion star may change the final rate of rotation, the size of the helium core, the strength of carbon burning and the final iron core mass. Stars with initial masses larger than ∼ 11 M ⊙ that experiece core collapse will generally have smaller iron cores at the time of the explosion if they lost their envelopes due to a binary interaction during or soon after core hydrogen burning. Stars below ∼ 11M ⊙ , on the other hand, can end up with larger helium and metal cores if they have a close companion, since the second dredge-up phase which reduces the helium core mass dramatically in single stars does not occur once the hydrogen envelope is lost. We find that the initially more massive stars in binary systems with masses in the range 8 − 11M ⊙ are likely to undergo an electron-capture supernova, while single stars in the same mass range would end as ONeMg white dwarfs. We suggest that the core collapse in an electron-capture supernova (and possibly in the case of relatively small iron cores) leads to a prompt explosion rather than a delayed neutrino-driven explosion and that this naturally produces neutron stars with low-velocity kicks. This leads to a dichotomous distribution of neutron star kicks, as inferred previously, where neutron stars in relatively close binaries attain low kick velocities. We illustrate the consequences of such a dichotomous kick scenario using binary population synthesis simulations and discuss its implications. This scenario has also important consequences for the minimum initial mass of a massive star that becomes a neutron star. For single stars the critical mass may be as high as 10 -12 M ⊙ , while for close binaries, it may be as low as 6 -8 M ⊙ . These critical masses depend on the treatment of convection, the amount of convective overshooting and the metallicity of the star and will generally be lower for larger amounts of convective overshooting and lower metallicity.
INTRODUCTION
For the last decade, it has generally been accepted that the high speeds inferred for isolated, normal radio pulsars imply that neutron stars (NSs) receive a large impulse, or "kick," at birth. Measured proper motions for ≃100 radio pulsars indicate typical kick speeds in excess of 100 -200 km s −1 (Lyne & Lorimer 1994; Hansen & Phinney 1997; Cordes & Chernoff 1998; Arzoumanian, Chernoff, & Cordes 2002) , though the functional form of the underlying speed distribution is poorly constrained. The physical mechanism that causes this kick is presently unknown, but is presumably the result of some asymmetry in the core collapse or subsequent supernova (SN) explosion (see, e.g., Pfahl et al. (2002c) for discussion and references).
In apparent conflict with the high speeds of isolated radio pulsars, Pfahl et al. (2002c) identified a new class of high-mass X-ray binaries (HMXBs) wherein the NSs must have been born with relatively low kick speeds. These HMXBs are distinguished by their long orbital periods (P orb > 30 d) and low eccentricities (e 0.2), with the prime example being X Per/4U 0352+309 (P orb ≃ 250 d; e ≃ 0.1). The orbits of these systems are sufficiently wide that tidal circularization is negligible, so that the observed eccentricities reflect the conditions immediately after the SN explosion. Such low eccentricities essentially require that the NSs in these systems received low kick speeds of 50 km s −1 . Further observational evidence that at least some neutron stars receive low kicks at birth is provided by the fact that a large number of neutron stars are found in globular clusters, where some massive globular clusters may contain more than ∼ 1000 neutron stars (Pfahl, Rappaport, & Podsiadlowski 2002b) . Since the central escape velocity is generally 50 km s −1 , essentially all of the neutron stars born in a globular cluster should escape from the cluster if they received a kick consistent with the kick distribution for single radio pulsars (for a detailed discussion of this so-called 'neutron-star retention problem' see Pfahl, Rappaport, & Podsiadlowski 2002b) . If all of these neutron stars were originally born in massive binaries, this would alleviate the problem somewhat, since in this case the momentum imparted to the neutron star would be shared by the total mass of the system, leading to a correspondingly smaller space velocity of the post-supernova binary (Brandt & Podsiadlowski 1995) . However, while the membership in a binary increases the number of neutron stars that can remain bound in the cluster significantly, the effect is not large enough to explain the observed numbers unless clusters were much more massive at an earlier epoch than they are today (Drukier 1996; Pfahl, Rappaport, & Podsiadlowski 2002b) .
To simultaneously account for the new class of HMXBs and the high speeds of radio pulsars, Pfahl et al. (2002c) suggested that NSs originating from progenitors that are single or members of wide binaries receive the conventional large kicks, while NSs born in close binaries receive small kicks. Pfahl et al. (2002c) further speculated that the proposed dichotomy between high and low kick speeds, and its relation to the evolutionary history of the NS progenitor, might be associated with the rotation rate of the collapsing core. However, as we will show in this paper, the core structure itself (e.g. its mass and composition) depends strongly on whether a star evolves in a close binary or in isolation. This can produce differences in the actual supernova and may allow a prompt supernova explosion mechanism to be successful in some cases; this in turn may lead to relatively low supernova kicks.
The outline of this paper is the following: In § 2 we systematically discuss the differences in the core evolution for stars in close binaries and in single systems/wide binaries and discuss the implications for the core-collapse phase. In § 3 we develop a general scheme for forming neutron stars in different types of systems and the expected differences in kick velocity, associating them with individual known systems or classes of systems. In § 4 we discuss how this scheme can be tested both observationally and suggest how further progress can be made on the theoretical side.
BINARY EVOLUTION AND THE PRE-CORE-COLLAPSE CORE STRUCTURE OF MASSIVE STARS
It is often naively assumed that the evolution of helium cores is the same irrespective of whether the core is surrounded by a hydrogen envelope or not, and that the final core structure will be similar in the two cases. However, binary evolution may affect the final pre-supernova structure of a massive star in several fundamentally different ways: (1) the rate of rotation of the immediate pre-supernova core, (2) the size of the helium core, (3) the occurrence of a second dredge-up phase at the beginning of the asymptotic-giant branch (AGB), and (4) the C/O ratio at the end of helium burning which affects the strength of carbon burning and the final size of the iron core. These effects may dramatically change the condition of core collapse as first pointed out by Brown, Lee & Bethe (1999) and in particular Brown et al. (2001) , who showed that the final iron cores of massive stars will be significantly smaller for stars that have lost their hydrogen-rich envelopes soon after the end of core hydrogen burning.
The role of rotation
While massive stars are generally rapid rotators on the main sequence, there are several efficient mechanisms by which they lose their angular momentum during their evolution. The final rotation rate of the core of a massive star depends on whether the star passed through a red-supergiant phase during which the core will be effectively braked by the hydrodynamic and magnetic coupling to the slowly rotating envelope (Spruit & Phinney 1998; Heger et al. 2003 ) and the wind mass loss during a subsequent Wolf-Rayet/helium-star phase, which can be very efficient in extracting angular momentum from a helium star (Heger & Woosley 2003) and slowing it down in the process. Pfahl et al. (2002c) argued that stars that lost their H-rich envelopes soon after the main-sequence phase (so-called early Case B mass transfer 6 ) might avoid this phase where the core is effectively braked and may still be rapidly rotating at the time of core collapse.
However, whether the star can avoid this spin-down also depends on whether mass transfer is dynamically stable or unstable. In the case of stable Case B Roche-lobe overflow, Langer, Wellstein, & Petrovic (2003a) showed that, if the mass-losing star remains tidally locked to the orbit, this provides a very efficient method of slowing down the rotation rate of the masslosing star. On the other hand, in the case of unstable mass transfer, leading to a common-envelope and spiralin phase (Paczyński 1976) , the spiral-in timescale is much shorter than any realistic synchronization timescale, and tidal locking would not be expected. In this case, the core of the mass-losing star could still be rapidly rotating after the ejection of the common envelope. This implies that the scenario suggested by Pfahl et al. (2002c) probably requires late case B mass transfer (i.e. dynamically unstable mass transfer that leads to a CE phase before the core has been spun down significantly in an extended red-supergiant phase).
Another situation which may lead to a rapidly rotating core is the complete slow merger of two massive stars, in particular if it occurs after helium core burning, as in models for the progenitor of SN 1987A (Ivanova & Podsiadlowski 2003) which predict a very rapidly rotating core for the immediate pre-supernova star.
Finally we note that, if the exploding star is still accreting from a companion at the time of the supernova, one would also expected a rapidly rotating core .
As this discussion shows, binary interactions can significantly affect the final pre-supernova rotation rate of the core of a massive star, although the details can be rather involved and are not completely understood. In addition, what is even less clear at the present time is how this affects the physics of the core collapse itself and, in particular, the magnitude of the kick imparted to the newborn neutron star.
The size of the helium core and the second dredge-up
The final size of the helium core depends strongly on the evolution of the H-rich envelope. During core helium burning, the helium core ordinarily grows substantially because of hydrogen burning in a shelloften the dominant nuclear burning source -which adds fresh helium to the core. On the other hand, in a binary a star may lose its H-rich envelope before He burning (or early during the He-burning phase). In this case, the helium core can no longer grow and may in fact shrink because of the strong stellar wind expected in the subsequent Wolf-Rayet phase (e.g. Woosley, Langer, & Weaver 1995a; Wellstein & Langer 1999; Wellstein, Langer, & Braun 2001; Pols & Dewi 2002) . Therefore, the final mass of the helium core will often be lower for stars in close binaries than in single systems/wide binaries (see Fig. 1 ).
Another factor that strongly affects the mass of the final helium core is the occurrence of a second dredge-up phase. When stars up to ∼ 11 M ⊙ ascend the asymptotic giant branch, they generally experience a second dredge-up phase where the convective envelope penetrates deep into the H-exhausted core and dredges up a significant fraction of the helium core (Iben 1974) . As a consequence, the size of the helium core can be dramatically reduced (by up to ∼ 1.6 M ⊙ ; see Fig. 1 ). However, the occurrence of the second dredge-up depends on the presence of a convective H-rich envelope. If the star loses its H-rich envelope before this phase, dredgeup does not occur. In this case, the final size of the helium core is larger for a star in a binary than its single counterpart (note that this is the opposite of what happens to their more massive counterparts). This is illustrated in Figure 1 which shows the final helium core mass as a function of initial main-sequence mass for single stars (thick solid curve; Poelarends & Langer 2004) and for stars in binaries that lose their envelopes either in Case A or Case B mass transfer (based on the results of Wellstein, Langer, & Braun 2001) . The almost discontinuous change of the final helium mass around 12 M ⊙ is a direct consequence of the fact that stars below this mass have experienced a second dredge-up phase, while stars about this mass do not or only dredge up a moderate amount of the helium core. Note that the final mass for these stars is less than the minimum mass for core collapse (∼ 1.4 M ⊙ ). After the dredge-up phase, the helium core may grow again because of hydrogen shell burning, just as in a normal AGB star. Whether the core can reach the critical mass for core collapse depends on the timescale on which the star loses its envelope in a stellar wind or superwind. While this is somewhat uncertain, we estimate that for the models in Figure 1 , single stars below ∼ 12 M ⊙ will not reach the critical mass for core collapse and will end their evolution as ONeMg white dwarfs. There may be a small mass range around this boundary where single stars reach the condition for core collapse.
In contrast, the shaded region between the dot-dashed thick lines indicate the expected range of the final helium core mass for stars that lose their envelopes by binary interactions (in this case the final core mass depends on the evolutionary phase and the core mass at the time of mass transfer).
By contrast, Nomoto (1984 Nomoto ( , 1987a has argued that an electron-capture supernova is the expected fate for stars with main-sequence masses in the range of 8 -10 M ⊙ . In his calculations, these stars developed helium cores in the Note that the PL04 and WLB01 models have been computed with the same assumptions for convective mixing, while the WW95 models assumed a higher semiconvective mixing efficiency. The light dashed horizontal lines give the range for the final helium core mass for which the star may experience an electron-capture supernova. Note that the parameter range for which this may occur for a single star is very small. range of M = 2.1 -2.7 M ⊙ 7 and never developed an iron core; in this case, the collapse is triggered by the electron capture on 24 Mg and 20 Ne (Nomoto 1984 (Nomoto , 1987a ) (for a recent discussion see Wanajo et al. 2003) . In Figure 1 , the light dashed horizontal lines approximately indicate the range for helium-core masses which can be expected to lead to an electron-capture supernova (based on the results of Nomoto (1984 Nomoto ( , 1987a ; also see Habets 1986 ). As Figure 1 shows, because of the second dredge-up, the mass range for which single stars experience an electroncapture supernova may be very narrow if non-existent, while there is a large mass range for which it may occur for a star in a close binary. Indeed a binary channel may 7 We note that in Nomoto's calculations, stars in the range of 8 -10 M ⊙ either did not experience a second dredge-up or only during carbon shell burning. As a consequence, most of his models in this mass range, unlike ours, experienced a corecollapse supernova even in the case of single stars. We suspect that this difference can be attributed to the different opacities employed. The new OPAL opacities are significantly larger in the critical temperature range, which makes dredge-up more likely or occur earlier. The dredge-up behaviour in Figure 1 is broadly consistent with the results of a previous detailed study of stars in this mass range (Ritossa, García-Berro, & Iben 1996;  García-Berro, Ritossa be the only place where it can occur.
The C/O ratio and the strength of carbon burning
Another more subtle effect is that the lack of a Hburning shell leads to a lower C/O ratio at the end of helium core burning which affects the strength of subsequent carbon burning and the final size of the iron core. This effect was first pointed out and explained by Brown et al. (2001) and can be understood as follows.
In the late phase of helium core burning, the alphacapture reaction C 12 + α → O 16 , which destroys carbon, tends to dominate over the carbon-producing triple-α reaction (because of the different functional dependence on the number density of α-particles). As a consequence, carbon is systematically being destroyed in this late core-helium-burning phase (this switch occurs when the helium mass fraction falls below Y = 0.1 -0.2). In helium cores surrounded by a hydrogen-burning shell, the hydrogen-exhausted core and the convective heliumburning core continue to increase during helium core burning. This leads to the continued injection of fresh helium into the helium-burning core and prolongs the phase in which carbon is preferentially destroyed. This eventually produces a smaller carbon abundance at the end of core helium burning than would be the case for a naked helium core, where the convective core does not grow. This has drastic consequences for the subsequent carbon-burning phase if helium or carbon-oxygen cores of similar sizes are compared. For high carbon abundances (as expected for naked helium cores), the phase of convective carbon shell burning lasts longer, typically leading to smaller carbon-exhausted cores). This in turn produces smaller iron cores with steeper density gradients outside the iron core. Thus, for the same initial size of the helium or carbon core, the higher carbon abundance in a star that lost its hydrogen-rich envelope before the central helium abundance dropped below ∼ 10 % will result in a pre-supernova structure that more easily produces a successful supernova. Brown et al. (2001) demonstrated that this dichotomy leads to much smaller iron cores for massive stars and that, as a consequence, even a 60 M ⊙ main-sequence star may produce a neutron star rather than a black hole if it has lost its envelope before its helium core-burning phase. In contrast, the minimum mass for black-hole formation for single stars may be as low as 20 M ⊙ (Fryer 1999; Fryer & Kalogera 2001) .
In analogy to these results, it is reasonable to expect that there will be significant differences in the core properties even for massive stars with M 20 M ⊙ , possibly allowing for successful prompt supernova explosions (see e.g. Sumiyoshi et al. 2001 and § 2.1).
Prompt explosions and supernova kicks
At present, neither the mechanism that produces a successful core-collapse supernova nor the origin of supernova kicks is properly understood (see Janka et al. 2002 for a detailed recent review). In one of the most popular explosion scenarios, it is the delayed heating by neutrinos that revives the outgoing supernova shock some 100 ms after it stalled in the initial core bounce (i.e. after many dynamical timescales). In this scenario, the origin of the supernova kick may be connected with asymmetries in this long phase where the explosion develops (e.g. due to the continued accretion onto the proto-neutron star or caused by the strong convection in the neutrino-heated region; e.g. Janka et al. 2002) . In contrast, in a prompt supernova explosion, the initial bounce drives a successful supernova shock on the dynamical timescale of the proto-neutron star. The absence of a long phase where the explosion teeters at the brink of success could then be the cause for the absence of a large supernova kick.
While at this stage we consider this only a plausible suggestion, it would seem quite attractive to relate the dichotomy in the supernova kicks to the differences between a delayed and a prompt supernova explosion. Whether a supernova explosion develops promptly or in a delayed manner depends mainly on the difference between the mass of the Fe-Ni core and the mass of the collapsing core (which in turn also depends on the initial entropy in the core), since this determines the amount of shock energy that is consumed in the nuclear dissociation of heavy elements (see Hillebrandt, Nomoto, & Wolff (1984) for a detailed discussion and references; Sumiyoshi et al. 2001) .
Electron-capture supernovae provide a particularly promising scenario for a prompt explosion, since the whole core collapses to nuclear densities; this makes it much easier for the shock to eject the envelope and may not require delayed neutrino heating. As our previous discussion shows, electron-capture supernovae may only (or mainly) occur in close binaries; in this case, neutron stars with low kicks may be (almost) exclusively produced in close binary systems.
2.2. The minimum mass for core collapse An important related issue is the question of the minimum initial mass, M min , of a star that leads to a corecollapse supernova in a single or binary system. It is commonly assumed that this minimum mass is around 8 M ⊙ , since such stars ignite carbon off-center (rather than explosively in the center) and form an ONeMg core (Iben 1974) . However, if a star experiences mass-transfer already on the main sequence, an initial star as massive as ∼ 16 M ⊙ may end its evolution as a white dwarf rather than experience core collapse 8 . On the other hand, as discussed above, stars below 12 M ⊙ may only experience core collapse if they have lost their envelopes by binary interactions after their main-sequence phase but before experiencing dredge-up on the AGB. This implies that the value of M min may be as high as 12 M ⊙ for single stars and as low as 8 M ⊙ for relatively close binaries.
The exact value for M min is quite sensitive to the treatment of convection and, in particular, the amount of convective overshooting, and the metallicity of the star. The value of M min = 12 M ⊙ was obtained for models that used the Ledoux criterion for convection without convective overshooting. We estimate that using the Schwarzschild criterion would reduce M min to ∼ 11 M ⊙ if no convective overshooting is included, and to ∼ 10 M ⊙ if the recent empirical calibration of convec- tive overshooting Schröder et al. 1997 ) is adopted (also see Ritossa, García-Berro, & Iben 1999; Eldridge & Tout 2004) . Similarly, the minimum mass for off-center carbon ignition may be as low as ∼ 6 M ⊙ for models including convective overshooting (Han 2002, unpublished) . Han, Podsiadlowski, & Eggleton (1994) also found that, for low-metallicity (Z = 0.001) models without convective overshooting, the minimum mass for off-center carbon ignition was systematically lower (∼ 6 M ⊙ ) than for solar metallicity (∼ 8 M ⊙ ).
As these discussions illustrate, the initial mass range that leads to the formation of ONeMg white dwarfs, which also determines the minimum mass for stars that will experience core collapse, depends both on the details of binary interactions and on the stellar properties. Different treatments of convection are expected to lead to initial mass ranges ranging from [6,9] M ⊙ to [9,12] M ⊙ . In addition at low metallicity, these ranges should be systematically shifted towards lower masses (by perhaps 2 M ⊙ for Z = 0.001; Han, Podsiadlowski, & Eggleton 1994) . Considering that this is an important parameter in galactic modelling, a thorough re-examination of this issue is urgently needed (Poelarends & Langer 2004; Eldridge & Tout 2004) .
We emphasize that the exact values of this mass range do not affect the main arguments in this paper, since this only shifts the mass range in which an electron-capture supernova can be expected, but does not change the expected dichotomous behaviour.
A DICHOTOMOUS KICK SCHEME
The scenario for NS kicks proposed herein has a significant impact on the theoretical production probabilities and distributions of orbital parameters of binary systems containing NSs. We illustrate this by means of a Monte Carlo binary population synthesis (BPS) calculation. Below we provide a brief description of the important elements of the code; further details may be found in Pfahl, Rappaport, & Podsiadlowski (2002a,b) ; Pfahl et al. (2002c) ; Pfahl, Rappaport, & Podsiadlowski (2003) . The BPS code follows a randomly generated sample of massive primordial binaries through the phase of mass transfer from the primary to the secondary.
9 The initial primary and secondary masses, M 1i and M 2i , are drawn from the respective distributions p(M 1i ) ∝ M −2.5 1i and p(q i ) = 1, where q i ≡ M 2i /M 1i < 1 is the initial mass ratio. For simplicity, we assume circular orbits, and the initial orbital separation, a i , is chosen from p(a i ) ∝ a −1 i . Given some critical mass ratio, which we take to be q c = 0.5, the mass transfer from the primary to the secondary is assumed to be stable if q i > q c and the envelope of the primary is mostly radiative when mass transfer begins (so-called Cases "A", "early B", and "early C"), and dynamically unstable if q i < q c or the primary has a convective envelope (Cases "late B" and "late C"). In any case, we assume that the entire hydrogen-rich envelope of the primary is removed during mass transfer, leaving only the primary's hydrogen-depleted core.
For stable mass transfer, we suppose that the secondary accretes a fraction, β = 0.75, of material donated Fig. 2. -Results of a single HMXB binary population synthesis calculation that utilizes our proposed dichotomous kick scenario. Each red (blue) dot represents a system where the primary was (was not) highly evolved when it lost its hydrogen-rich envelope, and the exposed core evolved to collapse to form a neutron star with a subsequent large, conventional (small, unconventional) natal kick; see the text for details. Markers in the right panel indicate the observed wide, low-eccentricity HMXBs (filled circles), and the well-known eccentric HMXBs (filled triangles). We did not include observed systems with P orb 10 days, since their orbital parameters are likely to have been altered by tidal circularization.
by the primary, and that the remaining mass escapes the system with a specific angular momentum that is α = 1.5 times the orbital angular momentum per unit reduced mass. The orbital separation changes by a factor of order unity for our chosen α and β. Dynamically unstable mass transfer results in a common-envelope phase, wherein the secondary spirals into the envelope of the primary. A fraction, η CE 1, of the initial orbital energy is available to unbind the common envelope from the system. If insufficient energy is available, the two stars will merge. Otherwise, the envelope of the primary is dispersed, the secondary emerges near the ZAMS without having accreted any mass, and the orbital separation is ∼100 times smaller. A merger results in nearly every case where q i < q c and the primary's envelope is radiative when mass transfer starts. A number of these evolutionary steps are illustrated in the top six panels of the schematic shown in Figure 3 .
Upon exhausting its remaining nuclear fuel, the exposed core of the primary explodes as a Type Ib or Ic SN. We assume that the supernova mass loss and natal NS kick are instantaneous, and that the orientations of the kicks are distributed isotropically. In light of the discussion above, the specific prescription adopted for NS kicks is as follows. Kick speeds are drawn from a Maxwellian distribution, with a mean that depends on the initial mass of the primary and its evolutionary state when it first fills its Roche lobe (see Fig. 3 ). If 8 < M 1i < 14M ⊙ and mass transfer begins before helium ignition in the -Illustrative binary evolution scenarios leading to the formation of high-mass X-ray binaries. In the left panel, the binary is sufficiently wide at the onset of mass transfer that the primary has a fully formed 3.9 M ⊙ He core. By contrast, in the right panel the primary's envelope is lost while the He core is substantially lower in mass (2.4 M ⊙ ). In the proposed dichotomous kick scenario the former case leads to a large natal kick, while the latter case results in a "prompt" supernova event and a smaller kick (see text).
primary's core (Cases A and B), the mean kick speed takes a small value of 30 km s −1 , while in all other cases the mean is 300 km s −1 . The range of masses and the actual mean kick speeds used here are reasonable choices, but are somewhat arbitrary.
The results of our BPS calculation are shown in Figure 2 in the P orb − M 2 and P orb − e planes, where M 2 is the mass of the secondary star, including the mass it has accreted from the primary, and e is the orbital eccentricity. Each small dot represents an incipient high-mass X-ray binary immediately after the supernova explosion that produces the NS. The red dots represent systems which experienced the nominal natal neutron star kicks (see also left column of Figure 3 ) while the blue dots are systems where the primary lost its envelope early enough so that the natal kicks were much smaller -in accord with the dichotomous kick scenario proposed herein (see right hand panel of Fig. 3) .
The vertical blue strip in the P orb − M 2 plane of Fig.  2 results mostly from early Case B systems in which the primaries had largely radiative envelopes and before core He ignition. The resultant mass transfer is stable and the H-exhausted core evolves to a "prompt" SN explosion with a small natal kick. These systems generally acquire small eccentricities, especially for P orb in the range of 10-100 days. These are presumably the systems that evolve to become the newly identified class of HMXBs with relatively wide, low-eccentricity orbits (e.g., X Per/4U 0352 + 30; γ Cas/MX 0053+604; XTE J0543-568; the filled circles in Fig. 2 ). For the systems of this type with still wider orbits, even the small natal kicks assumed here are sufficient to induce substantial eccentricities.
The blue "tail"-shaped region in the P orb − M 2 plane of Figure 2 results from late Case B systems commencing mass transfer when the primary had a large, convective envelope, but still before core He core ignition. These lead to common-envelope events and result in systems with short orbital periods (i.e., P orb < 10 days; see e.g., Fig. 3 ). Since such short period systems would, in any case, be circularized by tidal friction, it may be difficult to distinguish these from their Case C cousins where the primaries were much more evolved at the start of mass transfer, and which received larger natal kicks. Systems in these latter categories (late Case B and late Case C) presumably include many of the famous HMXBs such as Cen X-3, LMC X-4, 4U 0900-40, and SMC X-1, with current-epoch (approximately) circular orbits and short orbital periods. The red dots in Figure 2 are those receiving a large kick, where the primary was highly evolved at the onset of mass loss (Case C). These likely account for the class of eccentric HMXB systems with P orb in the range of ∼ 20 − 200 days, e.g., 4U 0115+63, GX 301-2, 4U 1145-619, and EXO 2030+375 (Bildsten et al. 1997) .
Finally, we note that this dichotomous kick scenario helps the long-standing "retention problem" for neutron stars in globular clusters.
In an earlier work (Pfahl, Rappaport, & Podsiadlowski 2002b) we reported that our original dichotomous kick scenario yielded an enhancement factor of about 4 over the fraction of retained neutron stars without the appropriate subset of small kicks. We also pointed out (Pfahl, Rappaport, & Podsiadlowski 2002b ) that a dichotomous kick scenario would likely increase the theoretical formation rate of double neutron star systems by approximately an order of magnitude. Both of these enhancements are expected to be carried over to this newer kick scenario.
DISCUSSION AND FUTURE WORK
As we have shown, the presence in a binary can dramatically affect the structure of the core of a massive star at the time of core collapse. Stars above ∼ 11 M ⊙ are generally expected to have smaller iron cores if they lose their envelopes in a close binaries. Stars in the range of 8 -11 M ⊙ may explode in an electron-capture supernova if they are in a close binary, while single stars or stars in wide binaries will experience a second dredgeup phase and are more likely to end their evolution as ONeMg white dwarfs. We suggested that in the case of small iron cores or in the case of an electron-capture supernova, the supernova occurs through a prompt explosion rather than a delayed neutrino-driven explosion and argued that this is more likely to produce neutron stars with low kick velocities.
While speculative at the moment, this scenario has important observational implications and suggests the need for futher theoretical studies. These include a systematic exploration of the late evolution of the cores of stars around 10 M ⊙ , both for stars evolved in isolation and in a close binary, the dependence on metallicity and the amount of convective overshooting (e.g., Poelarends & Langer 2004; Eldridge & Tout 2004) , and a re-examination of the core-collapse phase for electroncapture supernovae and low-mass iron cores. One immediate prediction of this scenario is that neutron stars that formed from ONeMg or low-mass iron cores should produce neutron stars of systematically lower mass. Wanajo et al. (2003) suggested that prompt explosions are the site for the r-process; if some of this r-processed matter is captured by the companion stars, this may produce detectable chemical anomalies in neutron-star companions (e.g. X Per) similar to the case of the companion in Nova Scorpii (Israelian et al. 1999; Podsiadlowski, et al. 2002) . Note also that, in this case, only small amounts of iron and other heavy elements are ejected in the supernova. If all neutron stars in globular clusters were to form through such a channel, one would not expect significant chemical pollution of the cluster with heavy elements from supernova ejecta (Price & Podsiadlowski 1993) .
Our scenario also has important implications for the minimum mass for neutron-star formation; it suggests that only single stars more massive than ∼ 10 -12 M ⊙ become neutron stars, while in binaries the mass may be as low as 6 -8 M ⊙ . The exact values will depend both on the amount of convective overshooting and the metallicity of the population; larger amounts of overshooting and lower metallicity are both expected to shift these critical masses to lower values. The detection of both young, single massive white dwarfs and neutron stars in binaries in open clusters with a turnoff mass around 10 M ⊙ would provide direct evidence for such a dichotomy. Another promising method to observationally constrain the minimum mass for a core-collapse supernova is through the detection of the progenitors of Type II-P supernovae, stars that have not lost all of their H-rich envelopes at the time of the supernova explosion (see e.g. Smartt et al. 2002) .
Finally, it is worth mentioning another channel which is likely to produce an electron-capture supernova and possibly a neutron star with a low kick if the basic picture described in this paper is correct: this involves the accretion-induced collapse (AIC) of a white dwarf to form a neutron star, either because an ONeMg white dwarf accreting from a companion star is pushed above the Chandraskekhar limiting mass (Nomoto 1987b; Nomoto & Kondo 1991) or as the result of the merger of two CO white dwarfs which is also likely to lead to the formation of a neutron star rather than a Type Ia supernova (Nomoto & Iben 1985) . The latter would produce single low-velocity neutron stars with a rate as high as 3 × 10 −3 yr −1 (Han 1998; Nelemans et al. 2001 ).
